Various atom-photon entangled states can be generated by utilizing corresponding conservation law. In particular, higher-dimensional entanglement between an atomic ensemble and a photon is expected to arise from angular momentum conservation law. Here we demonstrate entanglement of orbital angular momentum states by utilizing atomic collective excitation and Laguerre-Gaussian modes of light. Generation of higher-dimensional entanglement between remote atomic ensembles and an application to condensed matter physics are also discussed.
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Higher-dimensional bipartite entangled states enable us to achieve more efficient quantum information processing (1, 2) , for example by enhancing optical data traffic in quantum communications compared to usually employed two-dimensional entanglement between qubits. Such higher-dimensional entangled states can be created by using Laguerre-Gaussian (LG) modes, since photons in LG modes carry orbital angular momenta (OAM) which can be utilized to define an infinite-dimensional Hilbert space (3) . Inspired by the pioneering experiment using parametric down-conversion (PDC) (4) , various protocols have been demonstrated using the OAM states of photons (5, 6) . However, PDC is a spontaneous process and the generation time of the entangled photons is completely random. Producing higher-dimensional entanglement between two remote long-lived massive atoms is therefore an important step toward the realization of intricate tasks of quantum information.
Recently, two-dimensional entanglement of a collective atomic excitation and a single photon has been successfully generated (7) using 'DLCZ' scheme (8) . Two-dimensional entanglement of two remote atomic ensembles has also been reported (9, 10) . In this Letter, we report entanglement of OAM states between a collective atomic excitation and a photon. While the measurement basis utilized in this study is limited to two dimensions, it is natural to presume that our system possesses higher-dimensional entanglement over a wide range of OAM. Figure 1 -A shows a schematic of our experimental setup. We consider ensemble of atoms having the level structure of |a , |b and |c . Initially, all of the atoms are prepared in level |a . A classical write pulse tuned to the |a → |c transition with proper detuning ∆ is emitted from a single mode fiber (SMF1) and is incident on the atomic ensemble. In this process, the |c → |b transition is induced and an anti-Stokes photon is generated. The write pulse is weak and its interaction time is short so that the probability of scattering one anti-Stokes photon into a specified mode is much less than unity for each pulse. We are interested in LG (LG 0m ) modes 2 and a Gaussian (LG 00 ) mode.
LG 0m modes have a doughnut-shape intensity distribution and carry corresponding OAM of m per photon (3), which can be utilized to constitute an infinitedimensional basis. Mode detection of the anti-Stokes photon is performed using a computer generated hologram (H1) and a single-mode fiber (SMF2). We can also analyze superpositions of an LG 00 mode and an LG 01 mode by shifting the dislocation of the hologram out of the center of the beam by a certain amount (11) . Here we define |m AS to be the state of an anti-Stokes photon with OAM of m .
In the ideal case, detection of a single photon in a certain spatial mode results in the ensemble of atoms containing exactly one excitation in the corresponding collective atomic mode.
The collective atomic spin excitation operatorŜ † (ϕ) is given bŷ
where the summation is taken over all the atoms and r j is the position of the j-th atom. ϕ(r) corresponds to the spatial distribution of the relative phase between the write pulse and the detected anti-Stokes photon. The excited state of the atomic ensemble is given byŜ † (ϕ) |i a , where the initial state of the ensemble is |i a ≡ ⊗ j |a j . The atomic ensemble therefore memorizes the relative phase between the write pulse and the anti-Stokes photon. The write pulse has the mode profile of LG 00 and propagates in the direction of wave vector k W , which is determined by SMF1. Here we only consider the anti-Stokes photon propagating in the direction of k AS determined by SMF2, which is almost the same as the direction of k W . Then, the relative phase ϕ(r) is determined by the spatial mode profile of the detected anti-Stokes photon.
Suppose that the detected photon has the mode of LG 0m , and let ϕ m (r) be the relative phase in this case. The atomic ensemble is then in the excited state |−m a ≡Ŝ † (ϕ m ) |i a , which has the angular momentum with the opposite sign, −m , due to the angular momentum conservation law. The variation of ϕ m (r) along a closed path around the anti-Stokes beam axis is 2mπ, implying that the atomic ensemble memorizes the phase structure of the emitted anti-Stokes photon including singularity.
If the detected anti-Stokes photon is in a mode which is a superposition of various angular momentum states, the state of the atomic ensemble becomes the corresponding superposition.
This means that the whole state of the scattered anti-Stokes photon and the atomic ensemble is a coherent superposition of angular momentum states, which is written as
where p and |vac AS represent the excitation probability and the vacuum state of the anti-Stokes photon. The amplitude C m for each OAM state is expected to depend on the spatial shape of the region where the write pulse interacts with the atoms (12) . Here, we consider the case of
The entanglement shown in Eq.(2) can be verified as follows. After a variable delay δt, we convert the atomic excitation to a single photon (Stokes photon) by illuminating the atomic ensemble with a laser pulse (read pulse) resonant on the |b → |c transition. Note that the efficiency of this transfer can be very close to unity because it corresponds to the retrieval process based on electromagnetically induced transparency (13) . Atom-photon entanglement, therefore, can be checked by measuring quantum correlation between the anti-Stokes and Stokes photons. Since we detect the Stokes photon counter-propagating with respect to the anti-Stokes photon, the value of the OAM of the Stokes photon in the direction of propagation is equal to that of the anti-Stokes photon. We use |m S to denote the state of a Stokes photon with OAM of m . In the present work, we investigated the entanglement concerned with m = 0 and m = 1.
In the experiment, we created an optically thick (optical depth ∼ 4) cold atomic cloud using a magneto-optical trap (MOT) of 87 Rb. The levels {|a , |b } correspond to 5S 1/2 , F = {2, 1} levels, respectively, and the level |c corresponds to 5P 1/2 , F ′ = 2. The experimental sequence is shown in Fig.1 -B schematically. One cycle of our experiment comprised of a cooling period and a measurement period, and both periods had durations of 500 µs. After the cooling period, the magnetic field, the cooling and the repumping lights were turned off. The repumping light was left on for an additional 13.4 µs after the cooling light was turned off, in order to prepare the initial state |i . Our vacuum cell was magnetically shielded by a three-fold permalloy and the residual magnetic field was about 100 µG. In the measurement period, the write and read pulses illuminated the atomic ensemble with a repetition cycle of 1 µs. Each cycle finished with illumination of 200 ns long repumping pulse to initialize the atomic ensemble. The write and read pulses were produced by external cavity laser diodes (ECLDs), and their spatial modes were purified by passing through SMF1 and SMF3, respectively. A 100 ns long write pulse having 250 nW peak intensity was focused into the atomic ensemble with a Gaussian beam waist of 400 µm, where the detuning of the write pulse was set to −10 MHz. Anti-Stokes photons were coupled to a single mode fiber (SMF2) after being diffracted by the computer generated hologram (H1). The coupling efficiency to SMF2 was maximized for the LG 00 mode having a beam waist of 140 µm at the center of the atomic ensemble. We utilized a reflection-type phase hologram blazed to increase the diffraction efficiency up to 45 %. Two types of holograms were used in the experiment, one having no dislocation and the other having a single dislocation located at its center. Our experiment using classical light demonstrated that the combination of a hologram and a single mode fiber could achieve mode detection with a distinction ratio of approximately 1000 : 1 between LG 00 and LG 01 modes.
After the writing process, a 100 ns long read pulse having a 150 µW peak intensity was irradiated to the atomic ensemble. In all of the experiments the variable delay time δt was set to 100 ns. Stokes photons were collected by SMF4 using an optical system similar to that used for anti-Stokes photons.
Two single mode fibers (SMF1, SMF3) were aligned so that the write and the read pulses LG 00 mode, from which the normalized cross intensity correlation function was estimated to be g AS ,S (0) = 22.2 ± 2.9. The repetition rate of our experiment was 4.5 × 10 5 s −1 . The count rate for the anti-Stokes photons was 3.1 × 10 2 s −1 and the coincidence count rate was 2.0 s −1 .
The measured transmission efficiency from the atomic ensemble to the detector was about 0.17.
The excitation probability is estimated to be about 6.6 × 10 −3 , which confirms that the detected photons were well approximated by the single photon state.
In order to evaluate the entanglement of OAM states, we investigated the coincidence counts under the various measurement bases. Here we utilize the following notation: For the determination of the full state of the atoms and the anti-Stokes photon, we performed two-qubit state tomography (16, 17) , where the density matrix was reconstructed from the experimentally obtained coincidences for various combinations of the measurement basis.
A graphical representation of the reconstructed density matrix is shown in Fig.3 . From the density matrix, the entanglement of formation (EOF) and the purity are estimated to be 0.76 ± 0.17 and 0.92, respectively. The EOF obtained was relatively small compared with typical values for the pair of photons generated by the PDC process (17) . As is clear from Fig.2 -B, the dominant factor limiting EOF is the difference in the relative amplitude between |0 AS |0 S and |1 AS |1 S , in other words, |0 AS |0 a and |1 AS |−1 a . Since the relative amplitude is considered to be dependent on the waist size of the write pulse (12), it should be possible to increase EOF by optimizing the focusing of the beam.
In summary, we demonstrated entanglement of OAM states between a collective atomic excitation and a photon. Storage of a quantum state involving the spatial mode associated with electromagnetically induced transparency (18) will enable us to share the higher-dimensional entanglement between two remote atoms. Since, in principle, the quantum mechanical phase of atoms can be manipulated by applying a far off resonant laser beam, entanglement concentration 7 (5) in an atomic ensemble could also be achieved. The experiment described in this paper raises the possibility that the atomic ensemble could be projected to any desired OAM state through the measurement of an anti-Stokes photon. By using a Bose-Einstein condensate as an atomic ensemble, any desired yrast states (19) could be generated in the range of −N to N .
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